A general purpose model for studying the reflection of acoustic plane waves or line focused beams from a stratified medium is presented. Loss of adhesion between one or more layers is taken into account by assuming a partial linear tangential displacement slip between the layers. Measurements of the reflection of focused ultrasonic beams from a aluminium plate covered by a thin self-adhesive aluminium foil, whose adhesion to the aluminium plate locally is decreased, are presented. The measured reflection coefficients are compared to calculated beam reflection coefficients, and the numerical model is used for interpreting the measured results.
I. Introduction.
Surface coatings are today an important factor in many industrial products because they enhance the quality of the product, e.g. the corrosion-or wear resistance. Therefore, a need exists for a non-destructive method for evaluation of surface coating quality.
Depending on the actual type. a surface coating can consist of one or more layers of the same or different materials (metallic, organic, ceramic) . Of the different types of defects (adhesive, cohesive) which lower the quality of the coating, we are mainly interested in detection of adhesive defects, because they cannot be found by visual inspection methods, and because they give rise to a Weak Boundary Layer (WBL), which is often the reason for a later delamination of the coating.
Detection of WBL by means of ultrasonic inspection methods is complicated due to several reasons. First of all WBL does not give rise to local changes in the acoustic impedance like in form of for instance voids. Secondly, WBL's are located between or near layers whose material parameters and thicknesses (normally below 100 pm) depend much on the actual type of coating, which often are partly unknown. The last item means that the wave types which travels in or near a coating in combination with a given substrate can vary strongly fmm one type of a coating to another. Thus, the way reflection of ultrasonic waves are influenced by the presence of a WBL can be totally different from one type of coating to another. As a part of the work behind this paper a theoretical general purpose model for studying the reflection of ultrasonic beams / plane waves from a stratified medium is developed. The model is used for estimating material parameters by comparing calculated and measured d t s . Moreover, an interpretion of the wave type generated in the medium is done and observed resonance phenomena are discussed. The model is also used as a tool for choosing an approach for measuring the presence of a WBL in a particularsample, andforlater evaluationofthemeasureddts. 
II. Theoretical model.
The transfer matrix method, also known as the Thomson-Haskell matrix method, is used as a basis for the theoretical studies. The original formulation [ 1],[2] is generalized, to a form which permits a calculation of the reflection of a line focused acoustic beam f m multilayered viscoelastic media. The presence of a WBL between two layers is modelled by assuming a linear tangential displacement slip between the layers. In the following paragraph the main features of the theory used in the developed numerical model is presented. Let us consider n-1 viscoelastic layers, bounded below by a viscoelastic solid half-space and above by a liquid half-space as shown in Fig. 1 . A plane harmonic wave is assumed to be incident on the layers from the liquid half-space with an angle of incidence of 8, ~, . A method to represent a weak boundary layer is incorporated into the model by using the assumptions described by Murty [6] , that a weakly bonded interface can be described as a tangential displacement slip with a linear relation between the slip and the shear stress at the interface. These assumptions can for interface I at the bottom of layer 1 + 1 be written as where "+" indicates the upper and 'I-" the lower sides of the interface, and k:) is the tangential stiffness of the interface, which according to [6] can be expressed as
The parameter Bj isanormalizedbonding parameter for interface f , ranging form 0 to 1. When B; = 0, no bonding exists between the two layers surrounding the interface, and when Bj = 1 the bonding is perfect. For all other values of Bi a weakened bonding between the layers exits. It should be emphasized that the slip interface at all angles of incidence. except normal, acts as an absorber of acoustic wave energy. As a way of adapting the numerical calculations to the actual performed experiments, the reflection of a line focused or a non-focused monochromatic acoustic beam from the layered media is incorporated in the model. This is done by representing the reflected beam as a spectral superposition of reflected plane waves. This can be expressed by the following pair of Fourier integral transforms [7] :
where U&, z ) is the field distribution of the reflected beam, Ui,(x,O) the field distribution of the incidence beam at the interface between the liquid halfspace and the top layer, and U, and U, are the x and z components of the wave vector. In the calculations the Fourier integrals are solved by standard FFT routines. The field distribution U,,(x,O) is calculated by the following curve integral where vc is the surface velocity at the source point and r is the distance between the source point and the observation point. The beam reflection coefficient is calculated by integrating the reflected field at the surface of the receiver transducer and dividing it with the emitted field at the surface of the transmitter transducer. Compared to the plane wave reflection coefficient the beam reflection coefficient is lower because it takes into account the attenuation of the beam during propagation in the upper halfspace and scattering of the beam. The beam reflection coefficient is varying less at most angles of incidence than the plane wave reflection coefficient, because it can be interpreted as an average of the plane wave reflection coefficients around the angle of incidence. Around special angles of incidence, like the Rayleigh angle, the beam reflection coefficient shows considerable deviation from the plane wave reflection coefficient, because it fakes into consideration the shift of the reflected beam from the position predicted by geometry and the phase shift within the reflected beam, that is created by interference phenomenon (Fig.  3) . In. ExDerimental Set-uD.
For the experiments a computerized ultrasonic goniometer system is used. The transmitter and receiver transducers are adjusted to equal angles from normal incidence in a pitchcatch configuration. The transmitter transducer is driven by a tone burst signal generated by a function generator. The reflected signal measured by the receiver transducer is acquired using a digital oscilloscope and sent to a PC-computer (Fig. 4) . For all measurements presented is this paper, receiver and transmitter transducer used are point focusing transducers with an 1/4" diameter and a 2" focal length. The transmitter transducer is driven by a 15 pulses tone burst signal with a centre frequency of 12.4 MHz and the peak-peak amplitude of the reflected signal is aquired.
As test samples for the measurements presented in this paper 29 mm thick polished aluminium plates covered with a self-adhesive aluminium foil are used. The self-adhesive foil is considered as a two layer coating consisting of an approximately 55 pm thick glue layer covered by an approximately 75 pm thick aluminium layer. The material parameten of the glue are unknown and must be estimated based on the measurements. A weakboundary layer WBL is introduced locally by contaminating the surface of the aluminium plate with a very thin layer of ball bearing grease, before the coating is applyed.. 
IV. Discussion of numerical and exDerimental results.
First a few general things about the calculated results. For all beam calculations the width of the transducers is set to 54.3X and the focal length set to 434h, corresponding to a 1/4" transducer with a 2" focal length at 12.4 W z used in water. The surface velocity of the transmitter transducer is assumed to have a Gaussian distribution. The transducers are placed in the liquid halfspace so their geometrical focuses are at the same point at the surface of the top layer.
In figure 2 . the measured results for the reflection of acoustic waves from a aluminium halfspace are shown. The measured curve, like all the other peasured curves shown here, is multiplied by a factor, so it equals the calculated results at the angle of incidence equal to 60". The small fluctuations on the beam reflection coefficient c w e is due to the discrete nature of the calculations. We see that the beam calculations are capable of describing the big drop in reflection coefficient around the Rayleigh angle which is measured. We also observe an increasing deviation between the measured and calculated reflection coefficients, when the angle of incidence is deceasing. This is an occurrence, which is observed in all the measurements performed and we believe it is a problem, that has something to do with the adjustment of the goniometer system and not the numerical model. Lack of time has prevented us from investigating the problem more thoroughly.
In figure 5 the measured and calculated curve for the reflection coefficient from the aluminium plate covered with the self-adhesive aluminium foil is shown. ' The bonding is assumed to be perfect. The parameters of the glue are adjusted to make the calculated curve fit the measured curve. We notice a very good agreement is obtained for angles of incidence above 25". Special attention must be drawn to the drop in reflection coefficient around 40", because it is due to the surface coating. The numerical model is used to determine the reason for the drop in the reflection coefficient. During the estimation process the size and location of the drop showed great sensitivity to both the longitudinal and the shear velocity and thickness of the glue. This dependence of all the parameters is explained by looking at a calculated field distribution of the reflected beam from the medium at 40" angle of incidence ( fig. 6 ). From fig. 6 we can see, that the drop in the reflection coefficient is caused by a displacement of the reflected beam and a phase shift in the reflected beam. The explanation for this is, the main part of the beam energi, which is transmitted into the glue layer at this angle of incidence is trap in the glue layer, because the glue layer is bounded by layers with higher sound velocities. When the wave trapt in the glue layer propagates, is it attenuated due to the attenuation and scattering of energi into the aluminium halfspace and back into the water. Interference between the part of the beam reflected from the interface between the water and the aluminium foil and the wave scattered back into water causes the phase shift in the refelcted beam and the minimum zone in the reflected beam. The measured reflection coefficients for an area of the test sample with goad and an area of the test sample with weakened bonding is shown in fig. 7 . A significant deviation between the two curves are seen around 40" angle of incidence and what is also interesting to see, that no deviation is observed at low angles of incidence. We see that the minimum of the refelction coefficient is less sharp, and the explanation could be, that the WBL changesthe boundary conditions in a way, that makes beam energi be trapt in the glue layer at more angles of incidence, but also makes more energi scatter back into the water. We see an goad agreement between the measured and the calculated results considering the insensitivities of the reflection coefficient to a WBL at low angles of incidence. We also observe the model predicts a reduction in the depth of drop in reflection caefficient around 40" angle of incidence, at least at moderate decreases of the bonding parameter. Contraty to measurements the calculated position of the minimum of drop moves to greater angles of incidence, and the reflection coefficient is in general lowered at great angles of incidence, when a WBL is introduced.
V. Conclusion.
By use of a ultrasonic goniometer system the reflection of focused ultrasonic beams from a aluminium plate covered with a two layer coating is measured. The measurement have shown, that the reflection at special angles show significant sensitivity to the presence of a weak boundary layer between the coating and the substrate. A numerical model developed for calculating beam reflection coefficients has proved to be a powerful tool for estimating missing material parameters and assisting interpretation of the measured results. The approach describing a weak boundary layer as a linear tangential displacement slip between the layers has only been a limited success. Before the numerical model can be used to evaluate the decrease in bonding strength due to WBL must a new approach should therefore be developed. SU-27,5,229-236 (1980) Soc. Am., 65,1105-1115 (1979) 
VI

